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FOREWORD

This final report was prepared as part of the contract deliverables under the "Thermal

Energy Storage and Heat Transfer Support Program," contract F33615-87-C-2738. This contract

was administered by the Aero Propulsion and Power Laboratory (APPL) of Wright Research and

Development Center (WRDC) (now Wright Laboratory (WL)) and co-sponsored by the Strategic

Defense Initiative Organization (SDIO). Dr. J. E. Beam, Ms. J. E. Johnson, Mr. M. Morgan, and

Mr. A. S. Reyes were the Air Force Technical Monitors at various stages of this program.

The present report outlines the research effort performed under Task-5 Heat Pipe Life Test

Study covering the specific work done on the refurbishment/upgrading of the as-received NASA

equipment and the conduct of the functional life tests on the thirty low and five high temperature

heat pipes. The other tasks of this program, namely, Task-I Heat Transport System Study, Task-

2 Thermal Energy Storage Study, Task-3 Innovative Radiator Study, and Task-4 Thermionics

Study are covered under separate documents.

The entire work described here was performed on-site at the Thermal Laboratory

(WL/POOS-3) by UES, Inc., Dayton, Ohio with Dr. R. Ponnappan as the Task Principai

Investigator and Program Manager. J. Tennant (UES), M. D. Ryan (UES), and D. Reiunuller

(WL) provided the technical support. UES Scientific and Engineering Services Division and

Drafting Group provided documentation services. Mr. A. S. Reyes (WRDC) and Joella Pinckney

(Selectech) helped in plotting the graphs.
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SECTION I

INTRODUCTION

Between 1974 and 1981, NTASA Lewis Rest.arch Center condacted a research program

to assess the performance of commerciolly available spacecraft-quality heat pipes designed to

operate in the neighborhood of 30'C. As a part of this program, NASA procured from different

manufacturers 30 heat pipes made of various working fluids, envelope materials, and wick

structures. The objectives of the NASA test program were to ev luate the heat transfer capability

in 1-g condition and to determine the generation of noncondensible gas due to the c-)rrosive

int- ,action of the working fluid and wall/wick materials. Before the work in this program could

be completed as scheduled, in 1981 a ae-emphasis of heat pipe research occurred at NASA LeRC

and the entire program was terminated. Subsequently, all the test equipment and hardware were

transferred to the Air Force Aero Propulsion Laboratory of WRDC. At the time of the

termination, NASA had completed cumulative life test hours of 34,000-48,800 for the 30 hea

pipes as per the details of the logbook record kept for each heat pipe(1 . NASA had published

their test results in a journal paper(21. Additional detailed informatiln and recommissioning

procedures were obtained by the Air Force from private consultants who worked for NASA on

this program. An Air Force Technical Report describes these3 . The heat pipes had been in

storage for nearly 5 years while awaiting for facilities at the new home. In 1986 the test stands

were recommissioned in full operational mode. To date the tests are continuing and some of the

pipes have reached cumulative hours of 75,000 or more as of September 1990. Section II of this

report describes the work done on these 30 low temperature test stands and the present status

along with some gas generation test results.

Parallel to the low temperature heat pipe test program, NASA LeRC had an elaborate

high temperature sodium and lithium in superalloy heat pipes test effort als,:. This program was

to study the materials compatibility of several ilquid metals (Li, Na, K, Cs and fig) in tantalum

alloy pipes. Two sets of test stands were used. One set of six stands with short vacuum

chambers (18 inches long and 6 inches diamerf - ) and another set of 12 long chambers (each 48

inches long and 8 inches diameter) were transferred from NASA to the Air Force. Only five out

of the six short-chamber stands, now called 'high temperature vertical stands' were



recommissioned with life tests. Six out of the twelve long chambers (called 'multistands') were

installed, but no heat pipes were put on test as all the 4-ft.-long superalloy heat pipes failed prior

to their transfer from NASA. The post-test cut-away analysis and results of the superalloy heat

pipes are reported in an Air Force final report 4>. Earlier to this, NASA had published some of

their partial and inconclusive report in a heat pipe conference (5 ). Along with the low temperature

heat pipes, in 1986, five high temperature heat pipes (three sodium and two potassium) had been

recommissioned at the WRDC facilities, and as of September 1990, they had accumulated

24,000-37,000 hours of life testing. Section III o" this report describes the upgr-ding and

functioning of the five vertical stands.
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SECTION H1

LOW TEMPERATURE HEAT PIPE TEST STATIONS

2.1 OBJECTIVES AND SCOPE OF 'YHE LIFE TEST

The objectives and scope of this effort are as follows:

1) Recommission all the 30 low temperature heat pipe test stands at thc, extendd

Thermal Laboratory equipped with the c!entralized vacuum and cooling water

circulation facility.

) , Upgrade the test stands and data acquisition system as needed and maintain thein

in working condition.

3) Start and run the life test on all the heat pipes at around 60'C operating

temperature at -ill times.

4) Conduct periodical health check by monitoring the temperature profiles and report

status; provide suitable corrective measures in case any problem develops.

5) Log pertinent test data monthly. The data should include temperature profile,

power input and temperature drop for all thc test stands.

6) Conduct gas accumulation tests by measuring the temterature profiles when the

condensers are cooled to very low temperatures. These tests may be conducted

at least once a year. Compute the noncondensible gas accumulation as a function

of time (test hours) and record the data.

The scope of the life tests are basically the same as that NASA had spelled out 2 ). Th,

heat pipes are tested under vacuum cornditions and at level positions. Only external wall

temperatires are monitored, and no intrusive measurement is possible with the existing setup.

The pipes can be tilted adversely or favorably if needed. The internal conditions of the heat

pipes cannot be altered (intentionally for studying variations) throughout the span of the life tests

due to the sealed or pinchel-off fili tubes configuration as opp sed to valved-off fill tubes

configuration.
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Even though no data on the design life of these heat pipe!; . available, it can be

assumed from the industry practice that spacecraft-type heat pipes are expected to have functional

life of 10 to 15 years. Hence, the life tests may be continued until the test log accumulates

131,400 hours (15 years) or until failure occurs to the heat pipes. As the failure of the pipes is

gradual, degradation of performance must be carefully noticed du-ing the periodical

performance/gas generation evaluation.

2.2 DESCRIPTION OF THE TEST SETUP

Heat pipes: The heat pipes being tested in this project are of ten different types and were

purchased from four manufacturers. The fabrication and manufacturing process of these pipes

are available elsewhere2' 3
). Three pipes of each type are being evaluated to give a more

representative sampling of performance. All of the pipes are approximately 92 cm in length and

1.27 cm in diameter.

Figure 1 shows four different configurations of the capillary structure. All of the heat

pipe containers are internally threaded over the entire length with grooves except configuration

IV. Configuration I consists of a metal fiber slab wick and two screen arteries. A cap of thin

foil at the evaporator end of the arteries is perforated with tiny holes to vent any gas that may

be trapped in the arteries. Configuration I consists of multiple screen arteries centert-d by a

screen support. Configuration III has an artery of spiraled screen contained in a screen tube

supported by six screen pedestals. Configuration IV is an extruded axial groove structure. The

material of the capillary structure for configurations I, 111, and IV is type 304 stainless steel and

that of configuration 11 is type 316 stainless steel. All envelopes are made of either 6061-T6

aluminum or of type 304 stainless steel as shown in Table 1 which provides an index of the heat

pipe groups with the internal configuration, working fluid and envelope material.

Experimental Setup and Instrumentation: Each pipe being evaluated is equipped with an

electric resistance heater on the evaporator and a heat extractor on the condenser end. An

aiinular aluminum sleeve is inserted between the heater tube and the heat pipe. Thermal grease

is applied between the sleeve and the device to reduce thermal resistance. Radiation losses have

been reduced by applying several wraps of aluminum foil over the heater. The electric heater

14



Configuration I Configuration MI
Slab Artery Spiral Artery
TRW Grummnan

Configuration II Configuration IV
Tunnel Artery Axial Grooves
McDonne) 1- Dougl as Dynatherm

Figure I Capillary Structures of the Low Temerature Heat Pipes
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TABLE 1. Index of Low Temperature Heat Pipes*

HEAT PIPE HEAT PIPE CAPILLARY WORKING ENVELOPE

GROUP NUMBERS STRUCTURE FLUID MATERIAL

A 1,2,3 1 methanol stainless steel

B 4,5,6 II methanol I stainless steel

C 7, 8,9 Il methanol stainless steel

D 10, 11, 12 I ammonia alunminum

E 13, 14, 15 Ii ammonia aluminum

F 16, 17, 18 III ammonia aluminum

G 19, 20, 21 II ammonia stainless steel

H 22, 23, 24 I ammonia aluminum

1 25, 26, 27 IV ammonia aluminum

28, 29, 30 1 R-21 aluminum

* All wick and artery structures were stainless steel.

is energized from an ac/dc power converter circuit built withinl the test stand. The 30.5-cm heat

extractor consists of a series of split brass blocks of about 2.5 cm length spaced slightly apart.

The block halves are penetrated by two stainless steel tubes brazed to form half a heat extractor.

The two halves are clamped on the pipe by two bolts on each block. The blocks are spaced off

of the condenser by shrink tubing of 0.03 cm thickness. Coolant circulates through the stainless

tubes in such a manner that the average sink temperature is uniform along the condenser.

Temperatures ae measured by 19 iron-constantan thermocouples. Figure 2 shows the locations

of the thermocouples on the pipes. There are three therm-ocouples on the evaporator, five on the

condenser, and one each at the midpoint on the cooling blocks. For the stainless steel pipes, the

thermocouples in the condenser and adiabatic sections are spot-welded, and for the aluminum



pipes, they are glued down using thermal epoxy cement. The thermocouple installation on the

evaporator is described elsewhere(3 ). An additional thermocouple in the evaporator is connected

to a temperature controller which is set to shut the heater off when a temperature above a pre-set

limit is indicated. Figure 3 shows a view of the low temperature test stands as installed in the

Thermal Laboratory (WRDC).

Modifications/uprading: The following are the changes done to the test stands in order

to improve upon the performance and capabilities.

1. Digital Thermal cutout: The aging and troublesome analog type high and low

temperature thermal cutouts were removed and retrofitted with 30 new digital type display and

high and low temperature cutout units. This change incidentally cured the problem of

interference and accidental tripping caused by the walkie-talkie communication devices on the

old analog units.

2. Integrated data acquisition: An elaborate wiring of the twenty thermocouples from

each heat pipe to the data collection extender units (Model Hewlett-Packard 3853A) was

incorporated.

3. Thermocouple signal noise reduction: A ground loop problem was cured in the

heater power circuit by removing an unwanted jumper connection. This reduced the error in

temperature measurement. Figure 4 shows this modification.

4. Cooling water: A centralized dernineralized water circulation to the stands was

provided instead of a constant temperature cool bath NASA used. The present system has a

disadvantage of overheating of the coolant inlet temperature due to the water chiller plant

problems.

5. Transformer: One of the main supply transformers was too noisy. This has been

removed and parallel connections were made to these stands from a similar unit in the adjoining

stand.

2.3 DATA ACQUISITION

The data acquisition system involved the measurement and storage of temperature and

power input data to each heat pipe. Originally, a Fluke 2280 type data logger was connected to

each of the test stand and the data were read. This step was repeated for every stand once a

7



month and the data were stored in magnetic cartridges. As it was becoming tedious and the

connectors were wearing out, this method was discontinued. In the new system, all the

thermocouples from the stands are connected to extender boxes of a Hewlett-Packard data logger

(Model Hewlett-Packard 3852A Data Acquisition/Control Unit) which, in turn, is connected to

a personal computer. Now, all the data are directly read and stored in the computer.

The 19 iron-constantan (Type J) thermocouples provide the temperature profile along the

length of the heat pipe. The power input is obtained by measuring the voltage in the heater

circuit and dividing its square with the heater resistance. The heater resistances for all the stands

are assumed as 30 ohms. This average value is found to be adequate for obtaining the rough

value of the input power. Actually the measured resistance varied from 27.19 to 32.6 ohms when

measured at the operating temperature of the heat pipes (50-70'C) except two stands as seen in

Table 2. Hence, the power computed in the computer has to be multiplied by a factor of two for

stations 4 and 22.

2.4 LIFE TEST DATA

The life test data gathered and stored for analysis and record are (1) power input to

heater, (2) temperature profile and (3) elapsed time. These data are stored in magnetic floppy

discs (5-1/4 in) on a monthly basis starting from the date of recommissioning of the stands at

WRDC. A hard copy summary of this information giving the average operating temperature,

maximum AT (end-to-end), and the elapsed time is tabulated every month. The latest summary

of such information is given in Table 3.

Evaluation Criteria: The status or condition of a heat pipe can be determined by its

temperature profile and the power transport capacity. If the temperature difference between the

evaporator and the condenser end (AT) remains within 10C, the pipe is considered to be in good

condition; 10-30*C is failing and >30'C is failed. Also, for the same operating temperature

8
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Figure 3(b). A Closeup View of a Low Temperature Test Stand With One Chamber Removed.
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TABLE 2. Resistances of the Evaporator Heaters

Stand Heat Pipe Ohmic R-. ismn:ce
No. Station No. (Ohm)

A 1 29.44
2 29.71
3 29.55

B 4 15.48
5 30.0
6 31.54

C 7 30.0
8 27.19
9 31.72

D 10 30.56
11 32.37
12 29.71

E 13 32.05
14 30.0
15 30.3

F 16 31.39
17 28.18
i8 31.69

G 19 30.9
20 30.48
21 31.0

H 22 15.6
23 31.85
24 29.0

1 25 31.67
26 31.9
27 30.32

2F 32.60
29 30.88
30 31.82
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(600C) and the condenser coolant temperature, if the transport capacity dropped over a period of

time, then the pipe is supposed to be deteriorating. The gas slugged condenser end will be

evident from the sudden drop in condenser temperature profile. If there is sharp rise in

evaporator temperature compared to the adiabatic temperature, then it is evident that the

evaporator has developed hot spots or wick damage.

Gas Generation Data: Also, the intent of this life test is to keep track of the

.oncondensibl: gases in the heat pipes. At least once a year, the pipes are run at low

temperatures in order to calculate the gas from the temperature profile. The results of such study

has been generated and reported(6 .

2.5 RESULTS AND DISCUSSIONS

Nearly 4 years of life tests have been added to these heat pipes at the WRDC facilities.

In order to assess the deterioration of their performance, the AT, average temperature and power

input data have been compared for the -+ years. Tables 4 and 5 contain these data for stainless

steel and aluminum heat pipes respectively. The power input has been reduced over the years

to keep the operating temperature near 60'C which means that the pipes may be loosing their

transport abilities. This effect is clouded by the fact that the coolant temperature has risen neai-ly

10C over these years. The AT data are also somewhat irregular. No uniform increasing or

decreasing trend is observed. With the mixed results, given the weightage to the experimental

errors, we can conclude that there are no serious changes in the pipes in the past 4 years.

However, two ammonia (#13, 14) and one R-21 (#28) pipc have gradually failed. The shutdown

power was nearly 50% of the initial power in these failed pipes.

A closer inspection of the pipes' status was done by comparing the axial temperature

profiles of the beginning day and the most recent day data. Fgures 5-34 show the profiles of

the pipes 1 through 30. In some pipes, for example H.P.# 7, 8 and 16 the gas blocked condenser

lengths have significantly increased. These profiles have to be compared with those that will be

obtsaned in the future.

16



From the AT date given in Tables 4 and 5, it can be seen that only 4 heat pipes have

AT < 100C, 7 have AT ranging from '0 to 20'C and 16 have AT ranging from 21 tu 300 C.

According to our evaluation criteria established earlier, most of these pipes ae i, Lhe faqi

region of their functional life. Sooner or latur they all will develop very h.gh AT's and fail.

2.6 RECOMMENDATIONS

1) The life test- on the 27 functional low ternpe-ature heat pipes must be continued

as planned until failure. Besides the maxirmum useful lifetime data, gas

accumulation and failure data would be of greater value to the industry.

2) The monthly data logging must be cortinued. The data may be organized in both

magnetic discs and hard copy versions for future reference.

3) Annual gas accumulation tests by circulating LNJGN 2 (-40'C) over the anonia

and R-21 heat pipe condenser and chilled water (2'C) for the methanol heat pipe

condensers should be carried out for proper estimation and record-keeping of the

gas data.

4) The circulating demineralized water inlet temperature must be maintained low

enough (-20'C) in order to run the pipes with maximum power input for

operating them at 60C.

5) The three failed pipes (#13, 14 and 28) must be examined closely for any test

related errors before dismantling them for cut-away examination. If necessary,

performance tests at lower power inputs must be conducted with positive and

negative tilts. Also, any thermocouple problem should be ruled out before the

pipes are dismantled.

17
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SECTION MII

HIGH TEMPERATURE HEAT PIPE STATIONS

3.1 OBJECTIVES AND SCOPE OF THE LIFE TEST

The objectives and scope of the high temperature heat pipe life test are as follows:

1) Recommission the available (six total) vertical test stands in the newly extended

Thermal Laboratory facilities.

2) Upgrade the test stands and data acquisition systems as needed and maintain them

in working condition at all times.

3) Improve the heater power measurement such that the Fluke data logger could

record the power input to each pipe along with the temperature data.

4) Conduct periodical health check by monitoring the temperature profiles and report

status.

5) Record pertinent test data, such as temperature profiles, power input, and

temperature drop for all the stands on a monthly basis.

6) Accumulate envelope material to working fluid corrosion compatibility life data

on the Inconel 617 and SS304 with sodium, and titanium with potassium systems.

3.2 DESCRIPTION OF THE TEST STAND

The vertical test stands are self-contained test equipment containing a vacion vacuum

pump, pump power control unit, water cooled (annular chamber) vacuum chamber with quartz

window and feed-through, low voltage high current power supply, set-point temperature

controller, and turbo molecular vacuum pump hook up - all of these assembled in a vertical rack.

A view of the front of these stands is seen in Figure 35. The construction and assembly details

of each of the test chambers are the same. Figure 36 shows the heat pipe mounting, current feed

through, shield and cooling coil details of the vacuum chamber. Demineralized water circulates

through the coils wrapped around the chamber and through the annular space in the chamber

wall. A quartz window helps to see the condenser end of the heat pipe. A magnetically operated

shutter covers the glass window from the inside such that the window is protected from

overheating.
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Figure 35. A View of the High Temperature Heat PiiDC "Vertical Stands".
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HEAT PIPE LIFE TEST FACILITY

HIGH VACUUM BELL JAR

~-HEAT PIPE
'I H1 --- HEAT PIPE UPPER SUPPORT

* *~ p d ADIABATIC REGION HEAT SHIELDS
S VACUUM PUMP FLANGE

I JiCURRENT LEADS

COPRGSE COPPER WATER COOLING COILS

RADIATION SHIELDS - ' I
-HIGH CURRENT FEED-THROUGHS

Figure 36. Cross-Sectional View of the Test Chamber.
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Protective Interlocks: The heater power input will be shut down automatically if any of

the following situations are encountered:

1) Loss of vacuum in the chunber

2) Loss of cooling water circuit (mercury pressure switch set at 5 psig; normal

pressure is 30 psig)

3) High or low temperature limit is crossed

4) Power outage and restart

Correction of the fault and manual resetting are necessary to restart the tests.

Heat Pies Under Test: The physical and design details of the five high temperature heat

pipes undergoing life tests are shown in Figure 37 through 41. Five chomel-alumel

thermocouples are mounted on each heat pipe out of which one acts as a control thermocouple.

The heat pipes are heated by radiative coupling from tantalum heaters. Two copper-constantan

thermocouples monitor the cooling water inlet and outlet temperatures. Vertical stand #6 is

operational but no heat pipe is installed in this stand.

3.3 DATA ACQUISITION

The data acquisition system consists of a data logger of the type Fluke 2280A and a

personal computer. Axial temperatures, power input to the heater, and coolant temperatures from

all five stands are constantly scanned by the data logger. The data currently scanned are

compared with the data of the previous scan. If the temperature profile at any location changed

drastically, then the computer prints out an alarm message.

3.4 LIFE TEST DATA

The test data are gathered once a month and compiled in a monthly report as in Table 6.

A log book maintained with each stand also contains this monthly data ). The pipes have

completed 24,000-37,000 hours as of September 1990. A 4-year summary of data is given in

Table 7.
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Evaluation Criteria: As in the low temperaturp heat pipes, three f.Ift =:tuaticn. can be

defined here: 1) hot spot development in the evaporator, 2) gas slug in the condenser and 3)

burn-out or leak. The first two are slow and gradual symptoms whereas the last one is drastic.

The success of a pipe lies in the accumulation of maximum test hours without failure. The test

must be terminated if the pipe leaked or burnt out. A post-test cut-away examination must follow

each failure for thorough analysis of the failure.

3.5 RESULTS AND DISCUSSIONS

In about 4-years, the high temperature heat pipes have accumulated 24,000-37,000 hours

of life testing. The sodium pipes run more isothermally than the potassium pipes. (See Tables

6 and 7 for AT data.) The typical temperature profiles of these five heat pipes are plotted for

three stages, namely the beginning, middle and the latest of the accumulated life test data.

Figures 42-46 show these profiles.

Titanium-Potassium Pipes: There is a restriction on the maximum temperature at which

a titanium heat pipe cqn be operated due to the poor high temperature strength of the metal. The

ultimate tensile stress of titanium falls below 137.9 x 106 N/m (20 kpsi) beyond 863K. Even

though the potas.i,,n working fluid has an operating range of 500-1100K, the present titanium-

potassium pipe has to be restricted to 863K. At this temperature, the pipe is not efficient and

hence its poor pertormance. Both titanium pipes show deterioration of performance; the power

input has dropped ana AT has increased. This may be symptoms of noncondensible gas

generation or wick damage at the evaporator. If this situation gets any worse, their performances

rmay have to be monitored closely before shutting the tests down. On the other hand, if it

continues as it is, then it may not be a concern. The primary purpose of the life test is to

evallate the titanium-potassium compatibility and not the transport performance.

Sodium Heat P : All threc -odium heat pipes are in excellent condition. They are

isothermal within 100'C and operate near the optimum operating temperature for sodium

(1000K). It is more like!y thit the sodium pipes could outlive the potassium pipes.
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3.6 RECOMMENDATIONS

1) The original design information about the process details, design capacity and

wick details are not available for these pipes. These should be obtained from the

manufacturers of the pipes and put on record with the test log books.

2) The monthly data logging must continue for future use and investigation.

3) The potassium pipes may be run more isothermally by reducing the condenser

length. An extension of the adiabatic shield will be required to accomplish this

modification.

4) The aging analog set point temperature controller may be replaced with new

digital type instruments as in the low temperature test stands.
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SECTION IV

CONCLUDING REMARKS

The heat pipe life test program represents a vital importance to the heat pipe research,

manufacturing, and user organizations in terms of its technological usefulness. A great deal of

time and resources have gone into this effort. This program, in its shape today, carries the

continuity from the originating organization, NASA LeRC. Experimental investigations of this

kind, primarily time effect studies, have significant wealth of information for the future scientific

community.

The spacecraft-type low temperature ammonia and methanol heat pipes have surpassed

8-years of performance. On an average, the processing methods used in making these pipes seem

to be adequate. Final post-test analysis will throw more light on this issue. With the advent of

the computerized data logging, the time spent in maintaining these tests has become very

minimal.

The sodium and potassium pipes have completed nearly 4-years of life tests. In a similar

effort, water and mercury heat pipes have to be put on life tests. These pipes have very

important application in radiator and energy conservation areas.
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